To pursue a small target moving in front of a drifting background, motion vectors from the target need to be integrated and segmented from those belonging to the background. Smooth pursuit eye movements typically integrate target and background directions initially and after some time shift towards the veridical target direction. The perceived target direction on the other hand is generally stable over time: the target is perceived to move in the same direction as long as the motion information maintains the same properties over time. If illusory target motion is observed, this tends to be shifted away from the background. Here we investigated how initial motion integration and segmentation of such stimuli are modulated by direction cues. We presented a small pursuit target moving along a straight path, in front of a background moving in a different direction. Without a direction cue, initial pursuit was biased towards the background direction before shifting towards the veridical target direction. The target's perceived direction on the other hand was near veridical. A cue in the background direction increased initial pursuit integration but also caused perception to behave in a similar way: the target initially had an illusory motion component in the background direction and after about 200 ms it was perceived to curve towards its veridical direction. This illusion shows that during the initial process of segmenting the direction of a pursuit target from irrelevant background motion, both pursuit and perception can be erroneously influenced by a direction cue and integrate the cued background motion. Both modalities corrected this initial integration error as more information about the target became available.
Introduction
Classical studies on motion perception and smooth pursuit eye movements used single, well-defined objects moving in front of homogeneous backgrounds as targets (Carl & Gellman, 1987; Dodge, 1904; Rashbass, 1961; Tychsen & Lisberger, 1986) . However in our natural environment there can be several objects moving at the same time in front of a cluttered background. This challenges perception and pursuit with the task of integrating motion signals belonging to the object of interest and segmenting them from motion signals of other non-target objects or the background. The available literature suggests that perception and pursuit use different strategies when faced with motion integration and segmentation tasks (see Born, Pack, & Zhao, 2002; Spering & Gegenfurtner, 2008, for reviews) .
A number of studies have used a variety of stimuli to study motion integration and segmentation by pursuit or perception. Here we focus only on studies that use small, spatially distinct targets since these are relevant for our paradigm. When pursuing a small object, it has been shown that the initial phase of the pursuit response integrates additional motion directions: when two spatially-separated dots are potential pursuit targets, initial open-loop pursuit follows the average vector of both targets (Ferrera, 2000; Lisberger & Ferrera, 1997) . A similar effect was reported also for initial pursuit velocity where the velocities of a small pursuit target and a moving large-field random dot kinematogram (RDK) background are integrated (Keller & Khan, 1986; Masson, Proteau, & Mestre, 1995) . In fact, initial pursuit velocity integrates also the motion of a small target with that of an additional motion signal generated by microstimulating visual area MT (Groh, Born, & Newsome, 1997) .
The perceived motion of a small target can also be affected by additional motion signals in the visual field, but this effect tends to be different from that on pursuit eye movements. For instance, in a variant of the Duncker illusion (Duncker, 1929) with both a target and RDK background moving at the same time, the background causes perceived motion contrast of the target due to an illusory motion component in the opposite direction of the background. Interestingly, pursuit does not show such a motion contrast effect under these conditions but is initially biased towards the background instead of towards the illusion (Zivotofsky, 2005) . A similar dissociation between pursuit and perception, this time during steady state pursuit of a small target has also been reported: pursuit integrates velocity perturbations of the target and a moving context, while perceptually, the perturbations result in motion contrast (Spering & Gegenfurtner, 2007b) . In other 0042-6989/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2012.02.001 variants of the Duncker illusion, steady-state pursuit performance is not affected by illusory motion induced by motion of a small target and a large background in humans (Anstis & Ito, 2010; Zivotofsky et al., 1995) and also in monkeys (Zivotofsky, Goldberg, & Powell, 2005) .
Motion perception and pursuit are not only sensitive to additional motion signals, but are also influenced by additional direction cues to future target motion. In such situations however, pursuit and perception seem to use similar strategies, since direction cues bias both perception and pursuit towards the cued direction. The effects of various types of cues on pursuit have been studied, obtaining essentially similar results: the most 'natural' cue is the surrounding context or environment, which can provide cognitive information about a pursuit target's future trajectory. This in turn can bias eye movements in the cued direction. Such cues embedded in the context can come from various sources, such as the subject's own manipulation of target direction (Domann, Bock, & Eckmiller, 1989) or the subject's intrinsic knowledge of the physical properties of colliding objects (Badler, Lefevre, & Missal, 2010) . Also, when the time and direction of motion are predictable, anticipatory pursuit can be elicited in the predicted direction (Kowler & Steinman, 1979a , 1979b . More 'artificial' cues about a future target's direction can be presented visually before each trial in an experimental setting. For instance, in a task that causes initial pursuit integration of a target with additional motion, a RDK signal (cue) moving in the same direction as that of an upcoming target, reduces the initial pursuit integration of the target with the background (Garbutt & Lisberger, 2006) . Also, a static cue in the form of (1) a visible path that delineates the target's future trajectory (Eggert, Ladda, & Straube, 2009; Kowler, 1989) or (2) a static dot placed in the future direction of a RDK signal (Krauzlis & Adler, 2001 ) biases eye movements in the cued direction. Taken together, these results show that the pursuit system can predict a future target's trajectory to facilitate a quick eye movement response. Various types of cues have essentially the same effect of guiding the eyes towards the cued direction.
Similar to pursuit, various types of cues have the effect of guiding perception towards the cued direction. One way to cue a direction in an experimental setting is to increase the likelihood of one particular direction occurring in a session. This manipulation tends to improve perceptual performance to future targets moving in the cued direction. For instance, in a RDK signal direction detection task, when subjects are cued to expect a signal to move in a particular direction while viewing a bistable RDK (Sterzer, Frith, & Petrovic, 2008) or while believing that they are seeing coherent motion in a 100% random RDK (Chalk, Seitz, & Seriès, 2010) , their perception is biased in the cued direction. Also, reaction times to a target reappearing from behind an occluder decrease when targets reappear in the cued spatial or temporal locations (Doherty et al., 2005) . Similarly, RDK signal detection rates are higher and reaction times lower when RDK direction is expected based on previous trials (Sekuler & Ball, 1977) . Similar to pursuit, cues at the beginning of each trial also bias perception to the cued direction. This holds true when the cue requires interpretation e.g. a number in the middle of the screen representing a future target location (Posner, Snyder, & Davidson, 1980) or when it is more direct e.g. a small marker placed in the direction of the future signal motion (Krauzlis & Adler, 2001) .
To summarize therefore, pursuit and perception have been shown to react differently to a small target that needs to be segmented from additional motion: generally, initial pursuit tends to integrate the available motion signals, then change strategy and track the veridical motion later on during steady-state pursuit. Perception on the other hand has not been reported to change strategy. As long as the motion information maintains the same properties throughout a trial, the target is perceived to move in the same direction. Also unlike pursuit, if illusory motion is perceived, then the target appears shifted away from the background direction. On the other hand, cueing a target's future trajectory tends to bias both pursuit and perception in the same way i.e. towards the cued direction. In the present study we describe a novel pursuit task in which both pursuit and perception behaved in a similar way in response to additional motion information: both modalities integrated the different directions of a small pursuit target and a RDK background, when the direction of the background was cued. This resulted in a visual illusion of a target that initially appeared to be biased towards the cued direction of the background; then after some time, when the veridical target direction was segmented from the background, the target appeared to curve towards its veridical direction.
Methods

Summary
Subjects pursued a central target that moved outwards along a straight path at 10 degrees of visual angle (deg)/s for 900 ms and in a random direction. A 100% coherent RDK background moved inside a central circular window (radius 10 deg) at the same speed but in a direction that differed up to ±25 angular degrees (°) from target direction. A cue consisting of a small 2-deg static line could be presented at the outer edge of the circular window at different points in time throughout a trial. At the beginning of each trial a central fixation spot was presented with or without the cue. Subjects were instructed to press a button to initiate target and background motion and then to pursue the target with their eyes.
Subjects
Nine university students, six males and three females took part in the experiments. Their ages ranged from 21 to 33 years (mean age = 25 years). Five subjects took part in all experiments; two more took part in experiments 1-3, while an additional two took part only in experiment 6. For each condition, each subject carried out 120 trials in experiments 1-3, between 192-240 in experiment 4, between 96-120 in experiment 5, and 48 trials in experiment 6, when clockwise and counterclockwise conditions were collapsed. Author K.D. took part in all experiments; all other subjects were unaware of the purpose of the study. All subjects had normal to corrected-to-normal visual acuity. Five subjects had previously participated in eye-tracking experiments.
Equipment
Subjects were seated in a dimly-illuminated room, with their head stabilized by a chin rest and a forehead support, in front of a 19 00 Sony Trinitron F520 CRT monitor, 40 Â 31 cm (1280 Â 1024 pixel resolution, 100 Hz refresh rate), driven by an Nvidia Quadro NVS 290 graphics board. The center of the monitor was at eye level and the viewing distance was 47 cm. The active screen area was circular, was presented in the middle of the monitor, and had a radius of 10 deg. Subjects viewed the screen binocularly, while movements of the right eye were recorded at 1000 Hz (Eyelink 1000; SR Research Ltd., Missisauga, Ontario, Canada). We used standard procedures to calibrate the eye tracker and validate eye position.
Visual stimuli
A white bull's-eye with an outer radius of 0.3 deg and an inner radius of 0.075 deg was used as a central fixation spot. When triggered by the subject, the central bull's-eye became the pursuit target and its inner radius changed to 0.15 deg. It immediately started moving outwards at a constant speed of 10 deg/s along a straight path and in a random direction for 900 ms. A 100% coherent RDK was presented inside a central circular aperture with a radius of 10 deg. It consisted of 0.14 Â 0.14 deg antialiased white dots with a limited lifetime of 200 ms. When expired, each dot in the RDK reappeared at a random position within the aperture for subsequent 200-ms lifetimes, so that the overall dot density of the aperture was kept constant at 2 dots/deg 2 throughout a trial.
The phase of each RDK dot's lifetime cycle was shifted randomly to prevent all dots from being relocated at the same time. This gave the viewer the impression of global motion in one direction across the aperture without relying on local information from individual RDK dots. The RDK appeared with target motion and disappeared when the target was extinguished. It generated global motion along a straight path and at the same speed as that of the target, but in a direction offset clockwise or counterclockwise up to ±25°a way from the target direction. The stimuli had a luminance of 87 cd/m 2 while the black background had a luminance of 0.04 cd/ m 2 .
A small 2-deg-long grey line was used as a static direction cue. This line was presented outside the circular aperture, touching its edge (see Fig. 1 ) and was collinear with either pursuit target (valid cue) or RDK direction (invalid cue). The line was grey (18 cd/m 2 )
rather than white in order to avoid an afterimage on the retina after it was extinguished. Since the target and RDK were visible for 900 ms, the target never reached the edge of the aperture and so it never covered the cue. In an additional experiment we used 36 cues placed equidistantly around the RDK. These cues were 36 replicas of the single cue that appeared all at the same time so that one cue was always collinear with target direction, another was always collinear with the RDK direction and the other 34 cues filled the rest of the space around the aperture.
Experimental procedure
Subjects fixated the central bull's eye presented at the beginning of each trial. This allowed them to initiate target and background motion by pressing a button. They were instructed to follow the pursuit target as smoothly as possible with their eyes and to ignore everything else on the screen. Depending on the experimental condition, the target's trajectory could be perceived as straight, or bending over time. Therefore, at the end of each trial we asked our subjects to report the target's trajectory in one of two ways: (1) in experiments 1-5, we wanted the subjects to report the illusory bending (if any) efficiently before the target direction faded from memory. Hence we asked them to adjust the direction of a 10-deg-long radial line to the perceived initial direction of target motion. Subjects could rotate the line with a computer mouse and had to press a mouse button to confirm their match and to move on to the next trial. Since they were instructed to adjust the line to the perceived initial direction, this meant that if the target was perceived to bend, then only the direction of the target before the bend was recorded. (2) In experiment 6, subjects adjusted a similar line this time to the perceived final position of the target before it disappeared. If they saw the target bending rather than moving along a straight path, they were instructed to also choose one point anywhere along the adjusted line and drag it with the mouse to indicate the most eccentric position of the perceived bend away from the adjusted line. Therefore in experiment 6, subjects recorded only the final target position if the target appeared to move along a straight path, however if they perceived a bend they recorded two reference points: the final target position and the most eccentric position of the perceived bend.
In all experiments, the adjustable line's initial position was randomized for the first trial of each block. For subsequent trials the line was shown in the same position left by the subject in the previous trial. In each trial, after the target was extinguished, subjects were instructed to keep their eyes in the general direction of the target until they adjusted the line in order to minimize perceptual errors caused by their eyes inspecting other areas of the monitor. Before data collection, subjects were given a practice session of 96 trials from experiment 1. In this paper, 'initial perception' always refers to the perceived initial direction of the target as recorded by the subjects using one of the two line adjustment methods described above.
Eye movement analysis
Recorded eye position traces were stored on disk and analyzed off-line using Matlab (MathWorks, Inc., Natick, MA). We used the standard EyeLink saccade detection algorithm with a combined velocity (22 deg/s) and acceleration criterion (8000 deg/s 2 ). We filtered eye-position signals using a Butterworth filter with a cut-off frequency of 30 Hz. Eye velocities were obtained by computing the difference in eye position between two successive digital samples and by dividing this difference by the time elapsed between two samples (1 ms).
Eye traces in experiments 1-5 that contained saccades spanning 150 ms or longer, and in a time window between 100 ms before and 800 ms after target motion onset were removed. Trials with Fig. 1 . A cartoon representing the paradigm in experiment 1. At the beginning of each trial a central fixation spot appeared together with a cue (small grey line in the periphery). After a button press the spot moved outwards along a straight path (represented by large arrow) while the background (small dots and small arrows) moved in a direction shifted away from the target. Both target and background moved for 900 ms. The left panels show an 'invalid cue' trial (cue aligned with the background direction) while the right panels show a 'valid cue' trial (cue aligned with target direction). After 900 ms of target and background motion, subjects adjusted a long line with a computer mouse to match the perceived initial direction of the target.
any blinks during this time window were also removed. Trials with perceptual decision angles more than 45°away from veridical target direction were discarded as this indicated a grossly misperceived target direction. Using these exclusion criteria we removed less than 1% of trials. Most of the remaining 'clean' trials had catchup saccades. These saccades were removed and the gaps were fitted by linearly interpolating eye velocity data adjacent to the gaps.
To analyze pursuit traces, we rotated each trace as if the pursuit target was always moving horizontally and rightwards. We used the rotated mean angular velocity trace (centered on the mean value of a 100 ms time window right before target motion onset) for each subject and for each cue position (valid vs. invalid) when applicable, to calculate pursuit onset for each subject and condition. The method we used to calculate pursuit onset was adapted from Schütz, Braun, and Gegenfurtner (2007) and was computed in the following way: 50 ms-long regression lines were fitted to the angular velocity trace in a time window from 50 ms before to 300 ms after target motion onset, starting with every sample. The steepest slope with a slope value between 40 and 200 and with an R 2 of at least 0.7 was chosen. The function therefore prioritized steepness of slope over goodness of fit so that high velocity initial pursuit could be captured. The interception between the selected regression line and the x-axis was chosen as the pursuit onset of each mean trace. Single traces were noisy so we calculated their pursuit onset by taking a 250 ms time window around the known pursuit onset of the mean trace (50 ms before to 200 ms after pursuit onset) and matching it to the best-fitting (least variance using sum of squares) 250 ms running time window (shifted incrementally every sample) on the single traces from 150 ms before to 450 ms after target motion onset. This procedure was adapted from Schütz et al. (2010) . We visually inspected these fits to verify that the algorithm detected a reasonably accurate pursuit onset.
To calculate the direction of eye movements, we aligned each vertical vs. horizontal position trace to its own calculated pursuit onset time and fitted a robust multilinear regression at various time windows throughout the trial. The angle of this regression line was used as our estimated pursuit direction during the given time window. We measured eye direction up to 550 ms from pursuit onset since later time windows could produce noisy data due to anticipatory slowing towards the end of the trial (Kowler & Steinman, 1979a , 1979b . In this paper, 'initial pursuit' refers to the first 100 ms time window after pursuit onset.
Overview of experiments
We conducted six experiments that were variations on a basic task in which subjects pursued a target moving in front of a 100% coherent RDK background. The moving background's direction was offset by ±10°, 15°, 20°or 25°away from target direction in experiments 1, 2, 3, 5, 6, and by ±10°or 20°in experiment 4.
In all experiments, the background direction offsets were presented an equal number of times and all conditions were randomized throughout a session. In experiments 1-3, the probability of a valid vs. invalid cue throughout a session was 0.5. Perceptual and eye movement directions for clockwise and counterclockwise background directions were similar and so were grouped for analysis.
Experiment 1: effect of cue position
To measure the effect of the cue position on the perceived initial target direction and on initial pursuit direction, a valid or invalid cue was presented before and during target motion i.e. the cue appeared with the initial fixation spot and disappeared when the target/background was extinguished.
Experiment 2: predictive influence of the cue
To measure the predictive influence of the cue, a valid or invalid cue was presented only before target motion i.e. the cue appeared with the initial fixation spot and disappeared with the onset of target/background motion.
Experiment 3: effect of cue during motion
To measure the cue's role during target and background motion, a valid or invalid cue was presented only during motion i.e. the cue appeared with the onset of target/background motion and disappeared when the motion was extinguished. We did not present the cue at different times throughout target/background motion as a flashed target could simply 'capture' visual attention (Yantis & Jonides, 1984) rather than isolate the cue's role during motion.
Experiment 4: cue as a reference point
To examine the role of the cue as a possible point of reference rather than as a source of direction information, 36 equidistant cues (described in the experimental procedure) were presented together, before and during target/background motion i.e. the cues appeared with the initial fixation spot and disappeared when the motion was extinguished.
Experiment 5: no cue
To isolate the influence of the background on pursuit and perception of the small moving target, no cue was presented in this experiment.
Experiment 6: curve tracing
In order to allow the subjects to trace the perceived curve of the target's trajectory, only a valid cue was presented before and during target/background motion.
Results
Effect of cue position
In experiment 1, we looked at the effect of cue position (valid vs. invalid) on initial perception and initial pursuit when the cue was present before and during target motion. Fig. 2A shows the perceived initial target direction away from veridical target direction as adjusted by the subjects at the end of each trial. The figure also shows the direction of initial pursuit away from target direction measured with a fitted regression line during the first 100 ms time window after pursuit onset. With an invalid cue, initial perception and pursuit were shifted towards the background direction with all four different background offsets. With a valid cue, perceived target direction was near veridical while the background's influence on pursuit was reduced.
In order to combine the effects of all four background offsets, for each modality (pursuit or perception) and cue position (valid or invalid) we fitted a linear regression line to the four data points representing each subject's averaged direction data for each background offset (adding a further data point for zero background offset and assuming this point to be zero). These fits are shown in Fig. 2A and could explain the variance in the data quite well (average R 2 for all subjects across conditions = 0.829, SD = 0.261).
We used the slopes of the fits as a measure of the overall effect of the background (background effect index) on initial perception and pursuit. The background effect index is between 0 and 1 with 0 representing target direction and 1 representing background direction. A background effect index of 0 represents veridical target perception or pursuit, while a background effect index close to 1 represents a strong visual illusion towards the background direction as reported by the subjects, or pursuit direction close to the background direction.
In Fig. 2B , we used the background effect index to show the effect of the cue position on each subject's initial perception and initial pursuit direction estimation. All data points for the valid cue (pursuit mean = 0.432, SD = 0.163; perception mean = 0.074, SD = 0.087) vs. those for the invalid cue condition (pursuit mean = 0.762, SD = 0.123; perception mean = 0.578, SD = 0.314) are below the unity line thus showing that both pursuit and perception were biased in the direction of the cue. This bias was significant for both pursuit and perception since a repeated measures ANOVA with factors 'modality' (pursuit vs. perception) and 'cue position' (valid cue vs. invalid cue) revealed a significant main effect of cue position (F(1, 6) = 21.192, p < 0.01). The main effect for modality was also significant (F(1, 6) = 11.499, p < 0.05) showing that perception was less affected by the background than pursuit. The two-way interaction was only marginally significant (F(1, 6) = 5.599, p = 0.056). Post hoc analysis computed using a Bonferroni-corrected a of 0.013 (0.05/4) revealed that pursuit direction was affected significantly by the cue position (paired ttest(6) = 4.201, p = 0.006). Perceived initial direction was also affected significantly by the cue position (paired t-test(6) = 4.552, p = 0.004). As expected, in both cue conditions, pursuit and perceptual background effect indices differed significantly from each other (valid cue paired t-test(6) = 5.076, p = 0.002, invalid cue paired t-test(6) = 10.893, p < 0.001).
The role of the cue and cue timing 3.2.1. Cue timing
We presented the cue only before (exp. 2) or only during (exp. 3) target motion. In other experiments we presented 36 equidistant cues (exp. 4) or no cue at all (exp. 5) in order to investigate the role of the cue in more detail. The data for experiments 2-5 are summarized in Fig. 3. Fig. 3A shows the regression fits used to calculate the background effect index for experiments 2-5. Like in experiment 1, these fits could explain the variance in the data reasonably well (average R 2 for all subjects across conditions for On the other hand, there was no significant difference in pursuit between experiments 1 and 2 (paired t-test(6) = 1.403, p = 0.210). These three results combined show that the cue had a stronger influence on initial pursuit direction, when it was presented before target motion. The same analysis for perceived initial direction however indicates that perception was not affected significantly by the cue timing when comparing experiments 1 and 3 (exp. 1: mean = 0.504, SD = 0.298, exp. 3: mean = 0.444, SD = 0.335, paired t-test(6) = 0.568, p = 0.591) and experiments 2 and 3 (exp. 2: mean = 0.278, SD = 0.207, paired t-test(6) = À1.402, p = 0.211). However there was a small trend for a weaker cueing effect in experiment 2 compared to experiment 1 (paired ttest(6) = 3.042, p = 0.023). This might suggest that a cue presented only before target motion onset was not as effective as a cue presented before and during target motion. Fig. 3B shows that when comparing experiments 4 and 5, for each modality, background effect indices for '36 equidistant cues' and 'no cue' experiments were very similar (exp. 4: pursuit mean = 0.613, SD = 0.221, perception mean = 0.131, SD = 0.107; exp. 5: pursuit mean = 0.620, SD = 0.250, perception mean = 0.097, SD = 0.090). This indicates that the cue did not act as a reference point to help subjects perceive an illusion caused solely by the interaction of target and background, but instead the cue seems to play an active role in generating the illusion. Its role here is most likely that of a cue for motion direction. In order to compare experiments 4 and 5 we calculated a repeated-measures ANOVA on background effect index with factors 'modality' (pursuit vs. perception) and 'reference' (36 cues vs. no cue). This yielded a significant main effect of modality (F(1, 4) = 25.542, p < 0.005) but not of reference (F(1, 4) = 0.083, p = 0.788). There was no significant interaction between the two factors (F(1, 4) = 0.669, p = 0.459). To summarize therefore, these analyses indicate that the 36-cue condition was in fact non-informative for pursuit and perceptual direction estimation (as informative as if the cue was not there at all). These results also emphasize the importance of the cue for the illusion since with an uninformative cue (exp. 4) or without a cue (exp. 5) perceived initial target direction was near veridical.
Cue as a reference point
Differences between pursuit and perception
Taken together, the results presented in Fig. 3B show that without cue, initial pursuit integrated the background and target directions, while perceived initial target direction was close to veridical.
Initial pursuit integration was influenced by the cue position, but only if the cue was presented before target motion. When the cue was presented only during target motion, it had a negligible effect on initial pursuit direction. Initial perception on the other hand was influenced by a cue presented before as well as by a cue presented during target motion. Some of these differences might be caused by different methods to measure pursuit and perception: while pursuit was measured online, perceptual responses were collected at the end of the trial. It might be that perceptual responses at the end of the trial were influenced by the whole trajectory. To get a more complete picture of pursuit, we analyzed eye movement traces over the whole trial duration.
Pursuit over time
In Fig. 4A , we show pursuit eye position as it deviated towards the background direction over time during the perceived illusory motion. The eyes were deflected towards background motion up to $150 ms after pursuit onset, before gradually minimizing the devi- ation during steady-state pursuit. The influence of the background on pursuit position was not fully canceled over time. It is known that a background can affect pursuit even during the steady state phase of smooth pursuit (e.g. Lindner, Schwarz, & Ilg, 2001; Masson, Proteau, & Mestre, 1995; Schwarz & Ilg, 1999; Suehiro et al., 1999) .
In Fig. 4B , we show the effects of cue timing on pursuit direction over time. Data points represent the difference in background effect indices for pursuit between invalid and valid cue conditions (i.e. cue effect index) in various 100 ms time windows over the course of the trial. Essentially this method isolates the effect of the cue position (valid vs. invalid), without taking into account the 'default' initial pursuit integration with the background. Here the initial effect of cue position before target motion (exp. 1 and 2) can be seen clearly in the first 100 ms of pursuit, however over time the cue loses its influence even if it is still visible. If one had to describe the temporal dynamics in terms of target motion onset (rather than pursuit onset), then 100 ms after pursuit onset would be equivalent to $200 ms after target motion onset since the mean pursuit latency for experiments 1 and 3 is $100 ms (exp. 1 mean = 107.86 ms, exp. 2 mean = 116.69 ms). Unlike conditions with a cue present before target motion, when the cue is presented only during motion, the initial effect on pursuit is negligible.
Tracing the perceived trajectory during the illusion
In experiment 6, after each trial subjects adjusted a line defined by one fixed parameter (the center of the screen) and by up to two free parameters as described in the methods section, so that the perceived bending of the target could be captured by up to three points in 2D space. For each trial we plotted a crude perceived trajectory by joining these points with straight lines and then averaging these trajectories across trials. Using this method, we recreated the perceived target position over time averaged across subjects with a separate curve for each background motion offset. Fig. 5A shows the perceived trajectories measured in experiment 6 (solid lines), as the target appeared to initially move towards the background direction (corresponding dashed oblique lines) indicating that initial perception integrated target and background. The target moved at 10 deg/s and assuming that the perceived position roughly corresponds with time, then the target would have appeared to start bending back towards its veridical direction at $200 ms after target motion onset. Similar to pursuit (see Fig. 4A ), perceived deviations increased (i.e. causing a stronger illusion) with increasing cued background direction offsets up to 25°away from target angle. Fig. 5B shows the variability of the responses for all subjects when the cued background was offset by 25°from target direction.
It has been shown that motion processing before and after the first catch-up saccade can be quite different (Wilmer & Nakayama, 2007) . Therefore we tested whether catch-up saccades corresponded to the perceived change in target direction. However, we did not find a positive correlation between time of perceived bending as measured in experiment 6 and latency of first catchup saccade (r = À0.133, p = 0.882).
Since one of the points adjusted by the subjects represented the perceived location of the bending we could compare this method with the adjusted line used in experiments 1 and 3. Like in the previous experiments, the size of the perceived bending was scaled to the cue position. In fact, the linear regression line fitted to the four data points representing each subject's averaged perceived initial direction for each background/cue offset (similar to regression fits in Figs 
Pursuit latencies
In our experiments, pursuit latencies were shorter overall during trials with cues appearing before target motion onset (mean latency of exp. 1 and 2 = 112.28 ms) when compared to trials with no cue before target motion onset (mean latency of exp. 3 and 5 = 139.42 ms). These latencies are within the normal range for pursuit to a small target (Carl & Gellman, 1987; Lisberger, Morris, & Tychsen, 1987; Robinson, 1965) and the effect of the cue is similar to what Ferrera and Lisberger (1995) found when pursuit latencies were shortened up to 85 ms with a distracter moving in the same direction of pursuit.
Discussion
In this study, we show how pursuit of a small target, moving along a straight path in front of a drifting background, was initially shifted towards the cued background direction. About 200 ms after target motion onset, pursuit started changing its direction back towards that of the target. These pursuit dynamics were expected, however interestingly this task also caused a previously unreported visual illusion in which perception essentially acquired direction dynamics similar to those of pursuit, and the target appeared to change direction over time. The target was perceived to initiate movement in a direction biased towards the cued background. Sometime around 200 ms after target motion onset the target appeared to start bending back towards its veridical direction. This effect is dramatic when one considers that the measured perceptual direction estimation without a cue or with a valid cue was quite accurate. This indicates that under some conditions, subjects cannot ignore an initial misperception of motion direction, even when seeing the whole trajectory.
Integration of target and background
Previous studies combining a small dot as a pursuit target with additional motion in the visual field have reported perceived motion contrast, but not perceptual integration of target with the additional motion signals. Perceptual integration however has been reported for stimuli that do not have a single clearly defined spot as a target, but have instead a large field motion signal consisting of multiple vectors such as a RDK with a narrow range of dot directions or two separate coherent dot directions close to each other in a RDK during a fixation task (Watamaniuk, Sekuler, & Williams, 1989; Williams & Sekuler, 1984) or during pursuit (Debono et al., 2010; Schütz et al., 2010; Watamaniuk & Heinen, 1999) . With such stimuli, perception tends to integrate the different direction information in the RDK and give the impression of global motion as long as the range of directions is narrow and no single dot can be tracked continuously throughout a trial. In this case pursuit and perceptual responses tend to have a similar integration profile (Debono et al., 2010; Watamaniuk & Heinen, 1999) .
In general, pursuit has been shown to initially integrate a small target with additional motion information. Yet, motion contrast of a small pursuit target with a background moving in the opposite direction, resulting in faster pursuit acceleration, has also been reported (Niemann & Hoffmann, 1997) . However, the structured background in their study was already in motion while subjects waited for target motion to start, causing the eyes to drift in the direction of the background before target motion started. Consequently, initial retinal image of the target was slower when target and background moved in the same direction and faster when target and background moved in opposite direction. Therefore, initial pursuit integration seems to be the dominant strategy for pursuit as long as target and additional motion are initiated at the same time. Another pursuit motion contrast effect for direction, velocity and acceleration has also been found (Spering & Gegenfurtner, 2007a) ; however these effects were reported to occur during steady state pursuit and not during pursuit initiation. Also, the direction contrast effects were observed when the velocity of the additional background motion was briefly perturbed and not when the background velocity was constant throughout the trial.
In our study, we report temporal dynamics for pursuit and perceptual directions that initially integrate the background then shift towards the veridical target direction. A similar neuronal response model was described for monkey brain areas MT and MST when a target and a distracter were within a neuron's receptive field: the monkey's pursuit strategy (and the respective model of neuronal responses) changed from vector averaging of two moving targets to a winner-take-all strategy when the stimulus was manipulated to include a time delay between target and distracter (Recanzone & Wurtz, 1999) . In fact, different sites in MT have been shown to adopt such a vector-averaging model (e.g. Born et al., 2000; Groh, Born, & Newsome, 1997) and provide evidence for a link between these brain areas and pursuit integration strategies. In turn, these areas have also been linked to motion perception (e.g. Britten et al., 1992; Maunsell & van Essen, 1983) . We suggest that the responses we report here are in part compatible with neuronal encoding of motion in MT and MST areas of extrastriate visual cortex reported in the literature.
Effects of the cue
The cue possibly had the effect of preparing the visual system for movement in the cued direction since it provided the only direction information available before target motion. Direction information was not built up over time during a session since the cue had a 50% chance of being valid in experiments 1-3. Also, subjects reported that the illusion was strong during the first invalid cue trial and did not report an increase or decrease in strength during subsequent trials. In any case, direction information does not need to be built up over time in order to be effective; in fact it has been shown that a visual cue during each trial has a stronger biasing effect on pursuit (Kowler, 1989) and perception (Posner, Snyder, & Davidson, 1980) than when cued direction is built up over time throughout a session. For perception, our cue was not only effective when it was presented before target motion but also when it was presented only during target motion. This might indicate that direction information from the cue, although available at the same time as target motion (exp. 3), reached the perceptual system before the target direction could be extracted from the background. Therefore it might have still created a direction expectation towards it. Alternatively the perceptual illusion might have been created when subjects reconstructed the target's trajectory retrospectively. In this view the cue is used to reconstruct the target direction especially for the early motion period when motion information is still ambiguous.
In our study, during invalid cue conditions, the cue could have caused the visual system to initially suppress one motion vector (the target) in favor of other vectors (cued background). This initial motion suppression that diminishes over time would have resulted in the illusory motion we show here. Several brain areas have been shown to encode similar direction biases in a chosen direction before eye movements: (1) neurons in the supplementary eye fields were found to represent a chosen direction from two possible future directions by pooling neurons encoding the chosen direction. Interestingly, in line with our psychophysical results, there was evidence of suppression of neurons that encode the non-chosen direction for pursuit (de Hemptinne, Lefèvre, & Missal, 2008) . (2) Neurons in the superior colliculus have been shown to fire before saccades, suggesting that this area might be involved in attention and target selection (Horwitz & Newsome, 1999) . (3) Neurons in the dorsolateral prefrontal cortex seem to encode the future shift of the eyes in a RDK direction discrimination task and so seem to contribute to future direction decisions (Kim & Shadlen, 1999) .
Perception during pursuit
When the eyes follow a moving target, retinal motion of the target is no longer sufficient to estimate its motion. It has been proposed that the visual system solves this problem by using relative motion extracted when the target and background are identified (Gibson, 1966) and/or by using an 'efference copy' (a copy of the motor command to the eye muscles) to compensate for eye movements (von Helmholtz, 1867) . Recently it has been shown that while neurons in MT respond to retinal image motion when a target is pursued over a large background, macaque MSTd encodes background motion in the external world, rather than that on the retina (Chukoskie & Movshon, 2009; Ilg & Churan, 2004; Inaba & Kawano, 2010; Inaba et al., 2007) regardless of the speed and direction of pursuit (Inaba, Miura, & Kawano, 2011) , thereby compensating for retinal image motion of the background. Although such compensatory mechanisms exist, we know that this system is not perfect since various visual illusions still occur during pursuit. Some examples include the Filehne illusion (Filehne, 1922; Mack & Herman, 1973) where a briefly flashed object is misperceived to move in the opposite direction of pursuit, or the Aubert-Fleischl phenomenon (Aubert, 1886; von Fleischl, 1882) where a target can appear to move slower when it is pursued with the eyes. Also, motion that is non-collinear to a pursuit target can be misperceived to move in a direction shifted towards the direction of the retinal image (Becklen, Wallach, & Nitzberg, 1984; Festinger, Sedgwick, & Holtzman, 1976; Souman, Hooge, & Wertheim, 2005a , 2005b Swanston & Wade, 1988) . Studies on these phenomena tend to report slower eye speeds in relation to the stimulus which is generally attributed to inaccurate initial information. Recently it has been shown that uncertainty about a motion signal during pursuit can cause the system to rely more on a prior expectation that assumes the target to be stationary. This prior, combined with separate Bayes estimates for target motion and relative motion information can be the cause of some illusory percepts described in the literature (Freeman, Champion, & Warren, 2010) .
Conclusion
The goal of the pursuit system is to follow a slow-moving target with the eyes and keep it on the fovea. We know that this is not a trivial task since the system needs to integrate motion information belonging to the target and segregate it from irrelevant motion, while at the same time create a stable percept of target motion. As different sources of information reach the system the eyes change strategy over time to correct for pursuit direction errors. We show that perception can also be affected by initial direction errors that are resolved over time resulting in a perceived bending of the target.
